Background and aims Acidic soil occupies 30% of the world's ice-free land, and exchangeable aluminum (Al) availability increases under these conditions, being toxic to many plant species. However, some plants accumulate Al without damage to their metabolism. Vochysia tucanorum is an Al-accumulating species endemic to the cerrado vegetation with acidic soils in South America. Here, we predict that it is a calcifuge species. Methods We assessed macro and micronutrient concentrations as well as Al accumulation, plant height and root length of potted plants grown on acidic and calcareous soil for 60 days. A LC-MS-based metabolite fingerprinting of plants on both conditions was also performed.
Introduction
Symptoms of nutritional disorders often occur when plants face unfavorable environmental conditions, one of the most serious resulting from soil acidity, which occurs in approximately 30% of the world's ice-free land (von Uexküll and Mutert 1995; Kochian et al. 2015) . In acidic soils from tropical and temperate climates, aluminum minerals are solubilized to Al 3+ and related oxides and hydroxides, which are toxic forms to many plant species (Kochian et al. 2004; Kochian et al. 2015) .
In sensitive species, soluble aluminum reduces plant growth and causes stunted roots (Horst et al. 2010) . Alinduced decreases in root growth can be observed within hours in herbaceous plants (Kopittke et al. 2008) or days in woody species (Banhos et al. 2016a, b) . As most Al covalently binds to the cell wall of root cells (Horst et al. 2010) , there is a debate in the literature on whether nutritional disorders observed in shoots and leaves are direct or indirect effects of Al. To deal with Al toxicity, Al-excluding species release organic acids from roots, therefore detoxifying Al in the rhizosphere by Alorganic acid complexes (Ryan et al., 2011) . On the other hand, Al-accumulating species increase Al uptake and promote sequestration of Al to cell compartments (Brunner and Sperisen 2013) . Both mechanisms have been described in herbaceous and wood species (Ryan et al. 2011; Brunner and Sperisen 2013) .
Species that naturally grow on acidic soils are expected to have natural resistance to Al. Symplocos paniculata (Thunb.) Miq. (Symplocaceae), native to temperate climates in Asia, shows increased biomass in the presence of Al in a nutrient solution (Schmitt et al. 2016 ). In the tropics, various woody species from the vegetation type called Cerrado (broadly known as 'Brazilian savanna') also grow well on acidic (pH ≈ 4.0) soils that are rich in exchangeable and soluble Al from oxisoils from Central Brazil (Haridasan 2008) . Alaccumulating species can store between 1000 and >15,000 mg Al per kg dry leaves, including species from temperate and tropical climates (Haridasan 1982; Metali et al. 2012; Schmitt et al. 2016) . Alaccumulating plants from the Cerrado include mainly species from Melastomataceae, Rubiaceae and Vochysiaceae families (Haridasan 1982; Souza et al. 2015b; Bressan et al. 2016) .
Changes in the metabolome usually occur after disturbances of any kind are imposed on plants (Fukusaki and Kobayashi, 2005) . Thus, any stress experienced by plants may affect their metabolome (Obata and Fernie 2012; Sampaio et al. 2016) . Despite the large number of secondary metabolites described for Vochysiaceae species from the Cerrado (Carnevale-Neto et al. 2011), many of them are still unknown, and as far as we are aware, metabolomic profiles of Al-accumulating plants have never been studied, especially when under different growth conditions. In the last years, the use of liquid chromatography coupled to mass spectrometry (LC-MS) increased significantly, therefore, easily enabling the detection of plant secondary metabolites (Sampaio et al. 2016; Simirgiotis et al. 2016) . Metabolomic profiles may represent a primary approach when aiming to detect different group of compounds biosynthesized under distinct conditions. It also requires the use of multivariate statistical analysis and natural product databases (Wolfender et al. 2013) .
In this context, we elected an Al-accumulating woody species, Vochysia tucanorum Mart . (Vochysiaceae) endemic in the cerrado vegetation in South America. It grows well on acidic (pH ≈ 4.0) oxysoils that are rich in exchangeable (and soluble) Al. It occurs in vegetation physiognomies described as cerrado sensu stricto, which is a typical savanna-type vegetation, cerradão (augmentative of 'cerrado' in Portuguese and it refers to a dense wood savanna) and riparian forests (Haridasan and Araújo 1988; Barbosa et al. 1999; Ratter et al. 2003) . This distribution suggests that V. tucanorum is a calcifuge species that does not tolerate calcareous soil, as evidenced for other species (Haridasan 1988; Lee 1998; Haridasan 2008) , and we also investigate whether this behavior is present in the early development phase of this species. We assessed plant height, root length, as well as Al, macro and micronutrient accumulation and LC-MS-based metabolite fingerprinting of V. tucanorum seedlings grown on acidic and calcareous soils.
Material and methods

Plant material and experimental design
Seeds of V. tucanorum were collected in September 2014 at a cerrado sensu stricto reserve within the Estação Ecológica de Mogi Guaçu (Mogi Guaçu, SP, Brazil) (22°15′S, 47°00′W; 22°30′S, 47°15′W). The seeds were sterilized with 5% sodium hypochlorite (for 10 min), washed in tap water (for 10 min) and allowed to germinate on two layers of filter paper (moistened with deionized water) inside germination boxes. These boxes were maintained in the dark inside germination chambers at 25°C for 15 days (Barbosa et al. 1999) . Five days after germination, seedlings with 1 cm roots were transferred to trays containing an organic substrate, Plantmax® (Campinas, SP, Brazil), from which Al was absent. The seedlings grew in these trays inside a greenhouse for 30-40 days until exhibiting fully expanded cotyledons before transfer to pots containing a range of soil types. Before transplanting them, their roots were gently washed with tap water to remove debris. Ninety seedlings were used for each treatment (soil type). A single seedling per pot was used, and the pots stayed on benches, randomly distributed inside the greenhouse.
For 60 days (Dec/2014 to Feb/2015 , the plants grew in pots (2.5 L) containing quartzipsamment soil (here named acidic soil) and ustorthent soil (here named calcareous soil) (USDA 1999). These soil types were collected from the first 30 cm depth from two cerrado reserves in Brazil. The acidic soil was found in a cerrado sensu stricto reserve in the municipality of Itirapina (22°13′S, 47°53′W), SP, Brazil. The calcareous soil occurred in a cerrado vegetation in the municipality of Ituiutaba (19°06′S, 49°25′W), MG, Brazil. The soils were dried in the shade under room temperature and sieved (0.5 cm) to remove pebbles, leaves and unwanted material. Soil pH was determined in CaCl 2 , and P content was determined by spectrophotometry after anion exchange resin extraction. Cations and micronutrients were extracted with 1.0 M KCl and determined by EDTA complexometry (Raij et al. 1987) . Aluminum was determined by NaOH titration (Raij et al. 1987) .
The acidic and calcareous soils showed the same organic matter content, but the soil fertility parameters were significantly different between them. The pH in the acidic soil was lower than 4.0, while in the calcareous soil it was 6.2; base saturation (BS) and the cation exchange capacity (CEC) were 30 and 1.7 times higher in the calcareous soil when compared to the acidic soil, respectively (Table 1) . While no exchangeable Al was found in the calcareous soil, 68% of the CEC of the acidic soil was Al (Table 1) . Nutrient availability was also higher in the calcareous soil in comparison to the acidic soil: +70% P, +73% K, +97% Ca, +95% Mg, +82% Zn, and +62% Mn. On the other hand, the acidic soil had 80% more Fe (Table 1) .
Plant development
At 30, 45 and 60 days after planting (DAP), for each soil type, 15 randomly selected individuals were used to determine the number of leaves, leaf area (cm 2 ), plant height (cm), length of taproots (cm), and root and shoot biomass (mg). To keep the root system as undamaged as possible, plants were removed from the pots with clods and displaced on a sieve so that the soil could be gently removed with tap water. After separating the plant organs, the leaf area was determined using a model to estimate the leaf area of Vochysiaceae as proposed by Souza et al. (2015a) . A digital caliper was used for biometrical measurements. Roots and shoots (leaves, petioles and stems) were separated, sampled and ovendried at 60°C for 72 h to determine the biomass.
Nutrient and Al accumulation
After measuring the biomass of organs at 60 DAP, root and shoot samples were powdered using a pestle in a mortar with liquid nitrogen. The samples were digested in 5:1 nitric:perchloric acids. The concentrations of P, K, Ca, Mg, Fe, Mn, Zn and Al were determined by inductively coupled plasma mass spectrometry (ICP-MS) (Leman Labs). Nitrogen was not determined due to a lack of sufficient plant material.
LC-MS-based metabolite fingerprinting
At 30, 45 and 60 DAP, three shoot and root samples (obtained as described before) were wrapped in aluminum foil and immersed in liquid nitrogen. After freezing, the samples were ground in a porcelain mortar with pestle. Twenty milligrams of each sample were extracted in 1 mL of 80% ethanol (v:v) in an ultrasonic bath (10 min) and centrifuged at 14,000 g (15 min). We added 1 mL of 95% n-hexane (HPLC grade) to the supernatant and centrifuged it at 14,000 g (20 min). The hydroalcoholic fraction was collected and dried using a speed vacuum concentrator to give the corresponding extracts (Rosa AL, unpublished data). Each extract was then diluted in acetonitrile:water (1:1 v:v) + 0.05% formic acid and filtered through a 0.22-μm PTFE membrane (Millipore). The final concentration of each extract was 1 mg mL −1
. The samples were injected into an UHPLC-DAD-(ESI)-HRMS system powered with Orbitrap technology (Thermo Scientific) using a Kinetex xb-C18 column (Phenomenex) and a gradient elution method. Eluent BA^was composed of ultrapure water with 0.05% formic acid (v:v), and eluent BB^was composed of acetonitrile (LC-MS grade, JT Baker) with 0.05% formic acid (v:v). The volume of injection was 4 μL. For the mass data acquisition, we performed a full scan in the positive and negative modes using spray voltages of 3.6 and 3.2 kV (positive and negative modes, respectively), heater temperature of 300°C, capillary ns not significant; different letters indicate significant difference using a t-test at 5% temperature of 320°C, sheath gas at 30 (arbitrary unity) and aux gas at 11 (arbitrary unity) for both positive and negative modes (Rosa AL, unpublished data). MZmine 2.21 (MZmine project) was used to deconvolute the chromatograms, align the peaks and extract the peak areas (Pluskal et al. 2010; Sampaio et al. 2016) . For the statistical analysis, the peak areas of each LC-MS chromatogram in negative ionization mode were used.
With the aim to tentatively identify the constituents of the analyzed extracts by UHPLC-DAD-(ESI)-HRMS, we compared the values of the accurate masses and profiles of the UV/Vis absorbance for the peaks detected with the values of compounds available in the literature (Carnevale-Neto et al. 2011; Martucci et al. 2014; Chagas-Paula et al. 2015a,b; Sampaio et al. 2016 ), our in-house pure compound library AsterDB (Asteraceae Database, http://www.asterbiochem. org/asterdb), and the online databases DNP (Dictionary of Natural Products, http://dnp. chemnetbase.com) and MZedDB (http://maltese.dbs. aber.ac.uk:8888/hrmet/index.html).
Statistical procedures
We used Welch's t-test to compare the chemical soil properties of each treatment. The t-test was used to test the variations in the number of leaves, leaf area, plant height, length of the taproot, and root and shoot biomass at 30, 45 and 60 DAP. The t-test was also used to check for differences in the Fig. 2 Dry mass basis concentrations of P, K, Ca and Mg in roots and shoots of Vochysia tucanorum grown on acidic and calcareous soils from the cerrado, 60 days after planting. The box extends from the 25th to 75th percentiles, continuous line within the box shows the mean, and error bars represent the 5th and 95th percentiles (n = 3). (ns not significant, ** P < 0.01 using t-test) concentrations of P, K, Ca, Mg, Fe, Mn, Zn and Al in roots and shoots of plants grown on both soil types at 60 DAP (Zar 2010) .
To identify changes in the metabolome of roots and shoots and identify disruptions to the homeostasis of metabolites between plants grown on acidic versus calcareous soil, data were previously transformed using the Pareto transformation and the matrices were analyzed by principal component analysis (PCA) (van den Berg et al. 2006; Sampaio et al. 2016) . Statistical procedures were performed using R 3.3.2 (R Core Team 2016). PCA was performed using the R package vegan (Oksanen et al. 2016) .
Results
Plant growth was higher when grown on acidic soil. At 30 DAP, only plants grown on acidic soil had produced leaves, and at 60 DAP, these plants had 1.4 times more leaves than those grown on calcareous soil (Table 2 ). Compared to plants grown on calcareous soil, the leaf area of plants grown on acidic soil was significantly higher throughout the study (Table 2 ). In addition, plants grown on acidic soil were taller and exhibited higher root and shoot biomasses, especially at 45 and 60 DAP (Table 2) . At 30 DAP, although plants from both treatments were approximately the same size, those grown on acidic Fig. 3 Dry mass basis concentrations of Al, Fe, Zn and Mn in roots and shoots of Vochysia tucanorum grown on acidic and calcareous soils from the cerrado, 60 days after planting. The box extends from the 25th to 75th percentiles, continuous line within the box shows the mean, and error bars represent the 5th and 95th percentiles (n = 3). (ns not significant, ** P < 0.01 using t-test) soil were more developed; at 45 DAP, plants grown on calcareous soil could be divided into healthy and chlorotic plants; and at 60 DAP, all plants grown on calcareous soil exhibited chlorotic and necrotic leaves. None of the plants grown on acidic soil showed symptoms of a nutritional disorder (Fig. 1) .
Despite the reduced development of plants grown on calcareous soil, the roots of these plants showed increased concentrations of P (+55%), K (+81%), Ca (+364%) and Mg (+77%) compared to plants grown on acidic soil (Fig. 2) . In addition, shoots of plants grown on calcareous soil had 88% more P (Fig. 2b) and 65% more K (Fig. 2d ) compared to those grown on acidic soil. On the other hand, compared to plants grown on calcareous soil, plants grown on acidic soil showed 62% more Al in roots (Fig. 3a) and +76% more Al in shoots (Fig. 3b) .
The LC-MS chromatogram of shoot and root extracts reveled different metabolic fingerprinting between plants grown on acidic and calcareous soils (Figs. 4  and 5) . The first and second axes of PCA explained together 31% of the metabolic variation in the root (Fig. 6) and 35% of the shoot extracts (Fig. 7) . After the compound identification procedures by LC-MS and database search, we identified the presence of flavonoids and triterpenoids in roots (Table 3) , and (Table 4) , with high scores on the PCA.
Discussion
Plants of V. tucanorum grown on calcareous soil were short, showed reduced biomass and leaf number, and exhibited metabolomic changes in multiple pathways as evidenced by the compounds identified in the high PCA scores. These characteristics are indicative of calcifuge species (Lee 1998) . Calcifuge behavior has already been observed in Miconia albicans Steud and Vochysia thyrsoidea Pohl, two Al-accumulating plants from the cerrado (Haridasan 1988; Haridasan 2008) , as well as in grasses (Corynephorus canescens (L.) P. Beauv., Deschampsia flexuosa (L.) Trin. and Holcus mollis L.) and herbs (Digitalis purpurea L., Lychnis viscaria L., Rumex acetosella L., Scleranthus annuus L. and Silene rupestris L.) (Zohlen and Tyler 2004 ) from dry meadows and bedrocks in Sweden (Tyler 1996; Tyler 2000) .
Calcifuge species grown on calcareous soil frequently show symptoms of nutrient deficiency (e.g., P, K and Fe) (Lee 1998) , demonstrating that these species do not tolerate calcareous soil. Despite the symptoms of nutritional disorders (short plants with less and small yellow leaves) observed in plants grown on calcareous soils (Table 2 ; Fig. 1 ), the plants of the present study showed higher concentrations of P, K, Ca and Mg in their roots and P and K in their shoots in relation to plants grown in acidic soil (Fig. 2) . Therefore, Ca and Mg concentrations in the leaves of V. tucanorum do not reflect Ca and Mg availability in the calcareous soil, which had 38 times more Ca and 19 times more Mg when compared to the acidic soil. The calcifuge behavior and nutritional disorders of M. albicans has been attributed to Ca-induced Fe chlorosis and Mn toxicity in calcareous soil since the concentrations of Fe and Mn are higher in these plant species grown on calcareous soil (Haridasan, 1988) . However, in the present study, the root and shoot concentrations of Fe and Mn were similar between plants grown on acidic and calcareous soil (Fig. 3c-h ). Considering nutrients transported to the shoots, only P (Fig. 2b) and K (Fig. 2d) could have caused toxicity in plants grown on calcareous soil, which showed one-fold higher concentrations of these nutrients in their leaves in relation to those of plants grown on acidic soil. Nutritional studies using seedlings of Vochysiaceae species from the cerrado are extremely rare. However, in leaves of adult woody plants from cerrado communities, including Vochysiaceae species, the leaf P concentration is 10 times higher and K is similar to the values observed in the present study (Souza et al. 2015b, c) . Therefore, it is unlikely that P or K could have caused the nutritional disorders in plants of the present study grown in calcareous soil.
In the present study, soil fertility was not similar between the calcareous and acidic soil, and there was no contrast in the availability of a specific nutrient. Distinct macro-and micronutrient availability varies considerably between these two soils (Table 1) . This same difficulty was faced by Haridasan (1988) when studying Al-accumulating species because soil is a complex matrix, making it difficult to establish a contrast of only one nutrient. Notwithstanding, despite the fact that plants grown in calcareous soil accumulated more P, K, Ca and Mg in the roots and P and K in shoots in relation to plants grown on acidic soil, it is noteworthy that Al was more than three times higher in shoots and roots of plants grown on acidic soil when compared to those grown on calcareous soil (Fig. 3a,b) . In addition, Ca and Mg was significantly higher in roots of plants grown on calcareous soil in relation to those grown on acidic soil (Fig. 2e,g ), but in the leaves the concentration of these nutrients were similar between treatments (Fig.  2f,h) . Therefore, V. tucanorum limits leaf absorption of Ca and Mg and for some reason these elements are retained in its roots, while Al, when available (acidic soil), are absorbed and accumulated by both roots and leaves (Fig. 3a,b) . This evidence suggests a calcifuge behavior for this species. In the present study, roots and shoots of V. tucanorum seedlings accumulated 3000 and 1500 mg Al per kg dry mass, respectively (Fig. 3a,b) . These values are in accordance with previous observations for Vochysiaceae plants (e.g. Vochysia, Qualea and Callisthene spp) (Haridasan and Araújo 1988; Souza et al. 2015b , Bressan et al. 2016 ) and, therefore, confirmed the Alaccumulating behavior of this species (Chenery 1948) even during its early development phase. However, what these previous studies could not test was the responses of these Al-accumulating adult plants when grown on calcareous soil.
Therefore, as a calcifuge species, it seems that Ca and Mg, when available (calcareous soil), are retained in its roots and, when not available (acidic soil), the Al is significantly absorbed (much more than Ca and Mg are when available in calcareous soil) and plants develop better, reinforcing its Al-accumulating behavior. It is not possible to claim that the lack of Al in the calcareous soil caused the nutritional disorder as evidenced in Fig. 1 because comparison of soil analysis across different soils is problematical and this merits further investigation (using contrasting nutrient solution, for example). However, if Al has an impact in plant development for V. tucanorum it might have other metabolic consequences.
Establishment, survival and growth of V. tucanorum seedlings are critical, and here we demonstrate that this species goes through adjustments when grown on calcareous or acidic soil. We putatively identified flavonoids, triterpenoids, monosaccharides, organic acids and other phenolics and observed whether their amounts were increased or decreased in plants grown on acidic and calcareous soils. Despite this observation based on the chromatograms, our metabolomic approach does not allow compound quantification, thus providing a semiquantitative analysis based on the shape and peak area (Sampaio et al. 2016) .
Flavonoids, triterpenoids and other phenolics are usually associated with defense mechanisms (Sampaio et al. 2016) , especially against herbivores, whose pressure on plants is important in the Cerrado (Kursar et al. 1999; Silva and Batalha 2011) . Organic acids, especially those secreted by roots of species that are tolerant to Al, have been widely explored in the literature, stimulating revisions about the theme (Ryan et al. 2011; Brunner and Sperisen 2013) . Despite the solid information about the metabolism of malate, citrate and oxalate in Alaccumulating species grown under low and high Al availability (Shen and Ma 2001; Watanabe and Ozaki 2001; Morita et al. 2004; Horst et al. 2010) , little attention has been devoted to other metabolites that are affected by contrasting fertility conditions. Therefore, the fact that the plants grown on calcareous soil showed a different metabolomic profile in relation to that of plants grown on acidic soil could indicate that these contrasting fertility conditions could affect their regular growth and survival. Thus, these compounds could have the potential to be biomarker targets that could be used in future studies to study the metabolism of Al-accumulating species from the Cerrado.
Conclusions
This is the first metabolite fingerprinting investigation using UHPLC-DAD(ESI)-HRMS to confirm adjustments in the metabolome of V. tucanorum grown on calcareous soil. In addition, we confirm that V. tucanorum is an Alaccumulating species from the Cerrado and that its calcifuge behavior is evidenced by nutritional disorders when cultivated on calcareous soil.
